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X-ray Diffraction of a Cysteine-Containing Bacteriorhodopsin Mutant and Its
Mercury Derivative. Localization of an Amino Acid Residue in the Loop of an
Integral Membrane Protein’
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ABSTRACT: We have used heavy-atom labeling and X-ray diffraction to localize a single amino acid in the
integral membrane protein bacteriorhodopsin (bR). To provide a labeling site, we used the bR mutant,
A103C, which contains a unique cysteine residue in the short loop between transmembrane a-helices C and
D. The mutant protein was expressed in and purified from Halobacterium halobium, where it forms a
two-dimensional crystalline lattice. In the lattice form, the protein reacted with the sulfhydryl-specific
reagent p-chloromercuribenzoate (p-CMB) in a 1:0.9 stoichiometry to yield the p-mercuribenzoate derivative
(A103C-MB). The functional propertiesof A103Cand A103C-MB, including the visible absorption spectrum,
light-dark adaptation, photocycle, and proton release kinetics, were similar to those of wild-type bR. X-ray
diffraction experiments demonstrated that A103C and A103C-MB membranes have the same hexagonal
protein lattice as wild-type purple membrane. Thus, neither the cysteine substitution nor mercury labeling
detectably affected bR structure or function. By using Fourier difference methods, the in-plane position
of the mercuribenzoate label was calculated from intensity differences in the X-ray diffraction patterns of
A103C and A103C-MB. This analysis revealed a well-defined mercury peak located between a-helices
Cand D. The approach reported here offers promise for refining the bR structural model, for monitoring
conformational changes in bR photointermediates, and for studying the structure of other proteins in

two-dimensional crystals.

Structural studies of integral membrane proteins have
progressed more slowly than studies of soluble proteins, largely
because of the difficulty in obtaining well-ordered three-
dimensional crystals. To circumvent this problem, electron
crystallography techniques (Amos et al., 1982; Henderson et
al., 1986, .1990) have been developed to analyze two-
dimensional crystals of integral membrane proteins in a lipid
bilayer (Kiihlbrandt, 1992). By using these techniques,
structures of 6-A resolution or more have been obtained for
a number of proteins (Kithlbrandt, 1992). Recent examples
include the nicotinic acetylcholine receptor (Unwin, 1993),
the calcium ATPase of the sarcoplasmic reticulum (Toyoshima
et al., 1993), and bovine rhodopsin (Schertler et al., 1993).

The most successful application of this approach has been
the electron diffraction studies of bacteriorhodopsin (bR)!
from Halobacterium halobium (Henderson et al., 1990). This
retinal-containing integral membrane protein functions as a
light-driven pump in which isomerization of the chromophore
is coupled to proton translocation (Stoeckenius et al., 1979;
Stoeckenius & Bogomolni, 1982; Mathiés et al., 1992).
Electron diffraction studies of bR have been facilitated because
the protein can be isolated from H. halobium in the purple
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membrane, a two-dimensional crystalline lattice of hexagonal
symmetry containing three bR molecules per unit cell. Inthe
structural model derived from studies of the purple membrane,
bR consists of a bundle of seven transmembrane a-helices
that forms a binding pocket for the retinal chromophore
(Henderson et al., 1990). The model has a resolution of 3.5
A in the plane of the membrane and 7-10 A in the vertical
dimension.

The low-to-moderate resolution of electron crystallography
studies results in considerable uncertainty in the derived
structural models. Consequently, structural information
obtained from other techniques is required for modeling. In
the case of bR, biochemical, spectroscopic, nuclear magnetic
resonance, neutron diffraction, and mutagenesis data were
used to position the retinal chromophore and to orient several
of the transmembrane a-helices (Henderson et al., 1990).
However, such information is generally not available for the
entire protein, so some regions cannot be modeled reliably. In
bR, these include the amino and carboxy termini and the
loops connecting the transmembrane a-helices. Further
studies are required to refine the structure of these regions.

We demonstrate here an approach for localizing single
amino acids in two-dimensional crystals of an integral
membrane protein. Site-directed mutagenesis is used to
produce a mutant protein containing a unique cysteine residue.
The sulfhydryl group forms a specific, high-affinity complex
with mercury-containing compounds that can be localized by
X-ray diffraction. An X-ray powder diffraction pattern of a
two-dimensional crystal can be combined with phases derived
from electron imaging to yield a low-resolution projection
map (Pl6hn & Biildt, 1986). By using Fourier difference
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FIGURE 1: Secondary structure map of bacteriorhodopsin based on
the model of Henderson et al. (1990). Boxed regions labeled A-G
correspond to the transmembrane a-helices. The circled residue
indicates Ala-103, which was substituted with cysteine in this study.

methods, the location of the labeling site is obtained from the
difference in the diffraction amplitudes in the presence and
absence of the heavy atom. The use of site-specific mutagenesis
to introduce heavy-atom labeling sites has been effective for
structural studies of proteins that form three-dimensional
crystals (Dao-Pin et al., 1987; Tucker et al., 1989; Stock et
al., 1989; Klein et al., 1990).

We used this strategy to localize an amino acid residue
within a loop region of bR. The bR mutant A103C
(Greenhalgh et al., 1991) contains a unique cysteine residue
in the C-D loop (Figure 1). We used a gene replacement
procedure developed for H. halobium (Krebs et al., 1993) to
express and isolate the A103C protein in a two-dimensional
crystallinelattice. In thisform, the purified protein was labeled
efficiently with the sulfhydryl-specific reagent p-chloromer-
curibenzoate (p-CMB). X-ray diffraction revealed a single
mercury label at the expected site between transmembrane
a-helices C and D (Henderson, 1990; Engelman et al., 1980).
We discuss the potential application of this approach for
refining the bR structural model, for studying conformational
changes during the bR photocycle, and for determining the
structure of other integral membrane proteins.

MATERIALS AND METHODS

Expression and Purificationof A103C. A plasmid carrying
the A103C mutation in the bacterioopsin gene was constructed
as described (Krebs et al., 1993) by replacing the Asp718-
BspHI fragment from the native gene in pMPK62 (Krebs et
al., 1993) with the corresponding synthetic fragment from
pSB02 (Nassal et al., 1987) containing the A103C mutation
(Greenhalghetal., 1991). Arecombinant H. halobiumstrain
producing A103C was constructed with this plasmid as
described (Krebs et al., 1993). A103C was expressed in this
strainand purified in a membrane form as reported previously
(Krebsetal., 1991). The purity of A103C in membranes was
determined by densitometric scanning of a Coomassie-stained,
sodium dodecyl sulfate/14% polyacrylamide gel. Wild-type
bR was similarly prepared from MPK1 (Krebs et al., 1991)
or from an H. halobium strain that contains a synthetic
Asp718-BspH1 fragment in the bacterioopsin gene (Krebs et
al., 1993).

Heavy-Atom Labeling. An 8 mM stock of p-CMB was
prepared as described (Boyer, 1954) in 20 mM sodium
phosphate, pH 6.9, and 400 mM (INH4),SO4. The concen-
tration was determined spectrophotometrically using e;32 =
1.69 X 10* cm~! M-! in 50 mM sodium phosphate, pH 7.0
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(Boyer, 1954). This stock was added to 50 ml of a suspension
of membrane sheets (11 uM A103C) in 30 mM sodium
phosphate, pH 6.9, and 0.025% NaNj at a 1.5-fold molar
excess over protein. Incorporation of p-CMB was monitored
during the reaction by determining the change in absorbance
at 250 nm (Boyer, 1954) and was completein 2 h. After ~15
h in the dark at room temperature, membranes were sedi-
mented for 40 min at 24 000 rpm in a Beckmann 45Ti rotor
(45000g) at 4 °C. The samples were washed twice by
resuspending the pelleted membranesin 60 mL of 5 mM NaCl
and centrifuging as above. The pellet was resuspended in
~100 uL of H,O containing 0.025% NaNs.

Spectroscopy. UV /visible absorption spectra were obtained
as described (Krebs et al., 1993) from membranes suspended
in 30 mM sodium phosphate, pH 6.9, at 20 °C. Dark
adaptation under these conditions was monitored for 12 h,
and the kinetics were fit with a single-exponential decay. The
kinetics of the photocycle and of proton release were measured
as described (Otto et al., 1990) in 150 mM KCI, pH 7.3, at
22 °C. The extent of p-CMB labeling was calculated from
the molar ratio of A103C protein to mercaptide formed. The
concentration of A103C-MB was calculated from the light-
adapted spectrum assuming the same extinction coefficient
as wild-type bR, ese = 6.27 X 10* cm™! M-! (Rehorek &
Heyn, 1979). The concentration of mercaptide formed was
determined from the difference at 236 nm between the light-
adapted spectra of A103C-MB and A103C (normalized at
568 nm) by using e3¢ = 2.45 X 10 cm~! M-!. This value for
the extinction coefficient was calculated from the change in
Aji6 resulting from addition of a substoichiometric amount
of p-CMB to A103C membranes.

X-ray Diffraction. X-ray diffraction measurements were
performed with a rotating anode X-ray generator (Elliott-
Marconi GX21) at 1.542 A as described (Heyn et al., 1989).
The powder diffraction patterns were recorded in the radial
direction by a one-dimensional position-sensitive detector
(Braun OED-50-M). Hydrated oriented membrane samples
were prepared by drying a concentrated drop of purple
membrane suspension on a 5 um thick mylar support at 86%
relative humidity. The oriented membrane films were
mounted with the planes of the membranes perpendicular to
the X-ray beam in a chamber that was kept at 100% relative
humidity. The samples were equilibrated for 24 h in the
constant humidity sample holder before the measurements.
X-ray data were collected for 19 hin 1-hruns. By comparing
the data from individual 1-h runs, systematic errors and drift
in the detection electronics could be controlled. The mea-
surements were performed at room temperature in the dark-
adapted state with membrane samples containing 1 mg of bR
indistilled water. Inordertominimizedifferencesintreatment
between the labeled (A103C-MB) and unlabeled (A103C)
samples, all operations such as centrifugation, film preparation,
and drying were performed in parallel.

Data Analysis. Background subtractions were performed
using linear or Gaussian functions. Theintegrated intensities
were calculated by fitting the intensity profiles to Gaussian
line shapes and were corrected by a Lorentz factor of (A2 +
hk + k2)1/2, The sum of the intensities differed by only 3%
between the labeled and unlabeled samples. The factor
required to scale the two data sets was accordingly very close
to one. Fourier difference maps were calculated from the
intensity differences using the phases and the intensity ratios
for reflections with the same value of A2 + hk + k2 from
electron microscopy (Hendersonetal., 1986). Thejustification
for this procedure has been discussed in detail (Plohn & Biildt,
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FIGURE 2. (A) Light-adapted spectra of A103C (—) and A103C-
MB (- - -), normalized at 568 nm. Membrane preparations suspended
in 30 mM sodium phosphate, pH 6.9, at 20 °C were illuminated (5
min, >530nm light). (B) Difference spectrum obtained by subtracting
the A103C spectrum from the A103C-MB spectrum in panel A.

1986). Experimentally, this approximation is supported by
the excellent agreement of the structural information obtained
by X-ray or neutron diffraction with that obtained by electron
microscopy in those cases where a direct comparison is possible.
These include determination of the in-plane position of the
cyclohexane ring of the chromophore (Seiff et al., 1986a;
Henderson et al., 1990) and measurement of the change in
protein density in the bR to M transition (Koch et al., 1991;
Subramaniamet al., 1993). The label position determined in
this way from the Fourier difference map was used as the
starting point for the refinement procedure (Dickerson et al.,
1968; Seiff et al., 1986b).

RESULTS

Expression of a bR Cysteine Mutant in H. halobium. As
a test case for heavy-atom labeling, we chose the bR mutant
A103C (Greenhalgh et al., 1991), which contains a unique
cysteine residue in the loop of five amino acids between
transmembrane a-helices C and D (Figure 1). The short
length of the C-D loop and the proximity of position 103 to
ana-helix suggested this residue would be relatively immobile,
animportant requirement for localizing the heavy-atom label.
Inaddition, nitroxide spin-labeling studies of A103C expressed
in Escherichia coli indicated that position 103 is exposed to
the aqueous environment and can be derivatized without
affecting retinal binding or proton pumping (Greenhalgh et
al.,, 1991). To obtain a preparation of A103C suitable for
diffraction studies, the protein was expressed in a recombinant
strain of H. halobium constructed by gene replacement (Krebs
et al.,, 1993). The protein was purified to 98% homogeneity
in a form similar to the purple membrane.

Heavy-Atom Labeling of A103C. Purified A103C in
membranes was treated with p-CMB, a sulfhydryl-specific
mercury reagent that can be used for spectroscopic deter-
mination of cysteine (Boyer, 1954). The labeled sample,
A103C-MB, showed greater absorbance in the ultraviolet
region compared to the unlabeled sample, A103C (Figure
2A). Thecorresponding difference spectrum (Figure 2B) was
similar to the spectrum of cysteine mercuribenzoate (Boyer,
1954), consistent with incorporation of the label. The level
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FIGURE 3: X-ray diffraction patterns of A103C (—) and A103C-
MB (- - -) before Lorentz correction as a function of the scattering
vector, s = 2 sin §/X. For clarity of presentation, the A103C-MB
data set is slightly displaced to the right. The reflections from the
hexagonal lattice are labeled by the indices (/,k). Beginning with the
(2,1) reflection, the vertical scale has been expanded by a factor of
3.

of incorporation determined from difference spectra was 0.88
= 0.06 mol mercuribenzoate per mol A103C. No incorpo-
ration was observed in wild-type bR under the same conditions,
indicating that labeling was specific.

Functional Characterization of A103C and A103C-MB.
The A103C and A103C-MB membrane samples had func-
tional properties similar to the purple membrane. Wild-type
bR in purple membrane has a visible absorption maximum of
568 nm in the light and shifts to 558 nm in the dark with a
decrease in extinction (Stoeckenius et al., 1979). The visible
spectra of light-adapted A103C and A103C-MB (Figure 2A)
were nearly identical with each other and with that of wild-
type bR. A very minor spectral shift was apparent in the
visible region of the difference spectrum (Figure 2B). The
dark-adapted spectra of these samples were also nearly
identical (data not shown). The rate of dark adaptation of
A103C, A103C-MB, and wild-type bR was comparable and
could be fit by a single-exponential decay with a ¢/, of 93,
88 and 93 min, respectively. The kinetics of the photocycle
of A103C, A103C-MB, and wild-type bR were measured at
anumber of wavelengths and were very similar. For example,
at 410 nm the mean rise and decay times of M were 99 us/3.4
ms, 96 us/3.7 ms, and 89 us/3.7 ms for A103C, A103C-MB,
and wild type, respectively. The protonrelease times for these
samples, as measured with the pH-sensitive dye pyranene,
were also quite close: 973, 862, and 947 us, respectively.

X-Ray Diffraction of A103C and AI103C-MB. The
diffraction patterns of labeled and unlabeled A103C (Figure
3) were indexed on a hexagonal P; lattice with unit cell
dimensions of 62.2 = 0.2 and 62.2 + 0.2 A, respectively. The
unit cell dimensions are the same within experimental error
and equal to the value established for wild-type purple
membrane of 62.4 (Glaeser et al., 1985). Figure 3 shows that
X-ray diffraction peaks were observed out to the (7,1)
reflection, which corresponds to a resolution of 7.2 A. The
data analysis was facilitated by the fact that the background
scattering from the twosamples was virtually identical (Figure
3). Positive and negative intensity differences due to the
mercuribenzoate group can be easily recognized. Thisis most
noticeable when comparing the relative intensities of neigh-
boring reflections. For example, the intensity ratio of the
(4,0)and (3,1) reflectionsis clearly larger in the labeled sample.
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FIGURE 4: (A) Two-dimensional difference density map showing
the in-plane position of the mercuribenzoate label bound at Cys-103.
Negative contour lines were omitted. The six solid contour lines range
from 50 to 99% of the positive difference density. (B) Superposition
of the label position from panel A (the four highest contour lines
representing 70, 80, 90, and 99% of the positive density; bold lines)
on the projected structure of A103C determined from the X-ray
intensities of Figure 3 (thinlines). The seven transmembrane a-helices
are labeled A-G.

In two independent X-ray experiments, the main intensity
changes were clearly above the noise level. The overall relative
intensity change, L|All/ L1, between the A103C and A103C-
MB samples before Lorentz correction was 8.3 and 7.9% for
the two experiments, respectively. The degree of similarity
between these two data sets was judged by computing the
sample correlation coefficient as described (Glaeser et al.,
1986). The correlation coefficient of 0.92 indicates a high
degree of similarity between the two sets of intensity
differences.

Refinement of the Mercury Label Position. Using thedata
of Figure 3, the electron density of the label was calculated
as described under Materials and Methods. The resulting
electron density map after refinement is shown in Figure 4A.
The three difference maxima correspond to the three label
positions. Fractional coordinates are defined with the origin
in the center of the unit cell and with x and y increasing along
the oblique and horizontal axes from top to bottom and from
left to right, respectively. In terms of these coordinates, the
refined label positions (x, y) are (0.200, 0.104) and (0.198,
0.106) for the two independent experiments. The small
distance of only 0.24 A between these two points is a measure
of the good experimental reproducibility. The refined label
position was independent of the position chosen for starting
refinement within an 8 A radius of the final position. To test
whether the observed intensity changes and the corresponding
label density have the magnitude expected for a single mercury
atom per A103C monomer, model calculations were performed
as described (Seiff et al., 1986b; Plohn & Biildt, 1986). The
AF values for the model calculation agree well with those
from the refinement, indicating that the observed difference
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in electron density is due to the mercuribenzoate label. The
highest contour lines of the label density are drawn super-
imposed on the density map of A103C in Figure 4B. The
projected position of the mercury label attached to Cys-103
is between transmembrane a-helices C and D (Henderson et
al., 1990).

DISCUSSION

By combining site-specific mutagenesis, heavy-atom la-
beling, and X-ray diffraction, we have determined the location
of a single amino acid residue within the loop connecting
transmembrane a-helices C and D of bR. A unique cysteine
residue was introduced at position 103 of bR by site-specific
mutagenesis. Two-dimensional crystals of the mutant protein
were obtained from a recombinant H. halobium strain
constructed by gene replacement (Krebs et al., 1993). The
crystalline protein was labeled with a sulfhydryl-specific
reagent containing mercury, which was then localized by X-ray
diffraction using established methods. The use of site-specific
mutagenesis to introduce cysteines for heavy-atom labeling
was originally demonstrated with T4 lysozyme, a soluble
protein for which three-dimensional crystals are available
(Dao-Pin et al., 1987). In this work, we have shown that the
same strategy can be used for structural studies of an integral
membrane protein in two-dimensional crystals.

Our results indicate that the unique cysteine residue of
A103Ccan be labeled efficiently in the two-dimensional lattice
form of the protein. The p-CMB label was incorporated in
A103C with a stoichiometry of 0.9 mol of mercuribenzoate
per mol of bR, consistent with reaction of a single sulfhydryl
group with the mercury compound. The absence of a p-CMB
reaction with wild-type bR and the presence of a single mercury
peak per A103C monomer in the diffraction analysis indicated
this reaction was specific for cysteine. This result was expected,
since mercury compounds form complexes preferentially with
protein sulfhydryl and imidazole groups (Petsko, 1985), and
bR has no histidine residues. The high efficiency of A103C
labeling was remarkable. Studies of water-soluble proteins
have indicated that highly exposed cysteines react poorly with
mercury compounds (Dao-Pinetal., 1987; Tuckeretal., 1989).
These studies concluded that partially exposed residues in a
surface crevice are most suitable for derivatization. Thus,
the efficient labeling of A103C suggests position 103 is not
fully exposed to the aqueous environment. This supports
nitroxide spin-label experiments, which show that position
103 is exposed, but not completely mobile (Greenhalgh et al.,
1991).

Before interpreting the X-ray diffraction results, we es-
tablished that labeled and unlabeled A103C were isomorphous
with wild-type bR. Several sensitive assays indicated that the
functional properties of A103Cand A103C-MB wereidentical
to those of wild-type bR within experimental error: (i) the
light- and dark-adapted visible spectra were essentially the
same, (ii) the rates of dark adaptation were identical, (iii) the
rise and decay times of the M intermediates were the same,
and (iv) the proton release times were nearly indistinguishable.
The samples were also structurally similar. Both A103C and
A103C-MB formed a hexagonal lattice of unit cell dimension
62.2 A like that of wild-type bR in the purple membrane. On
the basis of these criteria, neither the cysteine substitution at
position 103 nor the subsequent derivatization with mer-
curibenzoate seems to perturb the system. These results are
not unexpected, considering that the labeling conditions were
very mild and that the cysteine substitution was made in an
exposed loop where bulky groups could be accommodated.
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The X-ray diffraction patterns of A103C and A103C-MB
exhibit distinct intensity differences due to the presence of the
mercuribenzoate group (Figure 3), allowing the straightfor-
ward determination of the label position (Figure 4). Model
calculations have shown that with the moderate resolution of
our data and the assumptions of the data analysis the label
position can be determined with an accuracy of £1 A (P16hn
& Biildt, 1986). Thedifferencein electron density corresponds
instrength to that expected for a single mercuryatom. Figure
4B shows that the in-plane position of the labeled cysteine at
position 103 is between helices C and D, exactly as expected
for an amino acid in the C-D loop. Apparently, at least the
part of the short C-D loop that includes 103 is sufficiently
structured to yield a clear-cut difference density. A highly
mobile loop would smear out the label density making it
difficult to observe a defined position. One advantage of
introducing a mercury label at a cysteine residue is that the
mercury atom is only three bonds away from the main chain
C, atom. Thus, the C, atom of the cysteine at position 103
must fall within 4.5 A of the peak maximum in the Fourier
difference map.

The strategy of obtaining structural information by de-
rivatizing a unique cysteine with a heavy atom may be
continued with other residues of the C-D loop and with the
other loops provided they are immobile. Of considerably
greater interest and promise, however, is the possibility of
using these labels at well-defined positions to monitor structural
changes that occur during the bR photocycle. Changesin the
protein density have been observed in the light-induced
transition from the ground state to the M intermediate near
helices B, F, and G (Koch et al., 1991; Subramaniam et al.,
1993). These functionally important structural changes may
be better characterized by specific labeling at strategic sites.

The approach described here is also attractive for refining
the structure of other integral membrane proteins for which
three-dimensional crystals are not available. The method can
significantly advance the interpretation of an electron density
map, since the heavy-atom location can be determined with
an accuracy greater than the resolution of the diffraction
measurements. Although the C,atom of the labeled cysteine
can be localized only to within 4.5 A of the heavy atom, this
would be sufficient to correlate regions of density in the
structural map with the amino acid sequence. Analysis of a
few well-chosen cysteine mutants could provide positional
constraints for assigning and orienting transmembrane seg-
ments and loops. The approach requires (i) phase information
from electron imaging and (ii) milligram amounts of mutant
proteins modified to contain a unique, derivatizable cysteine
residue. These criteria have already been met for a number
of prokaryoticintegral membrane proteins (Kiihlbrandt, 1992)
and may be achieved with eukaryotic proteins as expression
systems are improved.
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